Introduction {#s1}
============

Phthalates or diesters of phthalic acid are a group of ubiquitous synthetic compounds commonly found in a variety of consumer products like plasticizers since the 1930s (Koch et al., [@B110]). Historically, the most prevalent one is a high molecular weight (HMW) phthalate, di-(2-ethylhexyl) phthalate (DEHP), which is used in the manufacture of PVC plastics found in items like containers, food packaging, vinyl flooring, furniture, and medical devices (Cirillo et al., [@B48]). Low molecular weight (LMW) phthalates, including diethyl phthalate (DEP) and butylbenzyl phthalate (BBzP), are used as solvents in the manufacture of daily use personal care products (e.g., perfumes, lotions, cosmetics, shampoo), paints, and adhesives (Buckley et al., [@B31]). Phthalates are not covalently attached to their substrates and can actively leach into the environment, food, and drinks and thereby enter the human body either through inhalation, digestion, or dermal absorption (Araki et al., [@B7]; Dewalque et al., [@B55]) ([Figure 1](#F1){ref-type="fig"}). The persistence of phthalates in the environment makes them an emerging public health concern, as they have potential effects on reproduction, development, obesity, and other public health problems. In animals, phthalates are lipid soluble enabling easy storage in adipose tissue for long periods (Gutierrez-Garcia et al., [@B79]). In this review, we document several studies that suggest that phthalate exposure in humans, at real-world levels, might have some toxicological risk, with a focus on epigenetic changes associated with phthalate exposures.

![Potential Sources of Phthalate Exposure in daily life. Phthalates have widespread applications in consumer products- they are used in a wide range of daily use household and personal care items starting from soaps, body lotions, and plastic containers to blood transfusion units. They can enter the human body through different routes like ingestion of foods, air inhalation, dust ingestion or dermal absorption. Phthalates can also cross the placenta and affect the developing fetus in a pregnant woman. Infants and neonates are also subjected to phthalate exposure via breast milk and from infant toys like pacifiers, bottle nipples, teethers, and neonatal medical care units.](fgene-11-00405-g0001){#F1}

Metabolism of Phthalates
------------------------

Phthalates, on human exposure get hydrolyzed to their monoesters and then converted by P450 enzymes to their oxidative metabolites. The metabolites can also be transformed to glucuronide conjugates and released in the urine and feces (ATSDR, [@B9], [@B10], [@B11]; Silva et al., [@B179]). Phthalates which are low molecular weight (LMW) are mostly converted to their monoesters and excreted (ATSDR, [@B9], [@B10]; Silva et al., [@B179]). DEHP, a commonly found phthalate, is hydrolyzed to its monoester, diethyl phthalate (DEP) and further metabolized in a multi-step pathway to oxidative metabolites which are detected in the urine (ATSDR, [@B11]). Recent studies suggest that dibutyl phthalate (DBP) and benzylbutyl phthalate (BzBP) are excreted in urine mostly as glucuronidated monoesters like monobutyl phthalate glucuronide (mBP-glu) and monobenzyl phthalate glucuronide (mBzP-glu). DEP is mostly excreted as free mono ethyl phthalate (MEP) (Silva et al., [@B178], [@B179]) and DEHP is excreted as the glucuronidated form of its oxidative metabolites (Kato et al., [@B104]) ([Figure 2](#F2){ref-type="fig"}). The 10 phthalates most commonly used in consumer products are dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP), diisobutyl phthalate (DiBP), benzylbutyl phthalate (BzBP), dicyclohexyl phthalate (DCHP), DEHP, di-n-octyl phthalate (DnOP), di-isononyl phthalate (DiNP), and di-isodecyl phthalate (DiDP) (Wang et al., [@B210]). Some of the major phthalate diesters and their metabolites are shown in [Figure 3](#F3){ref-type="fig"}.

![Pathway of phthalate metabolism in human body. LMW phthalates are mainly excreted in urine and feces as a monoester, no further metabolism is required. During phase I hydrolysis, diester phthalates are hydrolyzed by the enzymes like esterases and lipases in the intestine and parenchyma to their respective monoesters. High molecular weight (HMW) phthalates such as diisononyl phthalate (DINP), diisodecyl phthalate (DIDP), and dipropylheptyl phthalate (DPHP) have 9--13 carbon atoms in their chemical backbone and undergo further metabolism from monoesters via hydroxylation or oxidation and produce several oxidative metabolites which are excreted in urine within 24 h of exposure. Oxidative metabolites can also undergo phase II conjugation to form hydrophilic glucuronide conjugates which are excreted. Urinary phthalate metabolite is the most important biomarker for phthalate exposure \[Adapted from the article, Metabolism of phthalates in humans by (Frederiksen et al., [@B65])\].](fgene-11-00405-g0002){#F2}

![Chemical structures of the top 10 major phthalates and their corresponding metabolites \[adapted from the article, A Review of Biomonitoring of Phthalate Exposures by (Wang et al., [@B210])\].](fgene-11-00405-g0003){#F3}

Overview of Epigenetics
-----------------------

This review focuses on the epigenetic changes associated with phthalate exposure which can potentially be heritable, such as DNA methylation of specific genes in germline cells. DNA methylation of specific genes can alter the expression of these genes without any change of the underlying DNA sequence in cell lineages that differentiate from the germline cells (Das et al., [@B50]). Epigenetic changes such as DNA methylation are thought to be at the interface of genetics and environment controlling fetal growth and development (Bestor et al., [@B20]; Okano et al., [@B157]; Kriaucionis and Heintz, [@B112]). Genomic DNA methylation occurs at the 5th position of cytosine to give rise to 5-methylcytosine (5mC), in the dinucleotide CpG on both DNA strands. Usually, \>70% of CpGs are constitutively methylated in somatic tissues (Wu and Zhang, [@B222]; Meehan et al., [@B141]). The cumulative action of DNA methyltransferases (DNMTs) and DNA demethylation pathways help to propagate and maintain the DNA methylation patterns during development creating an unique epigenetic "landscape" to promote genome integrity and maintain cell type specific gene regulatory networks, imprinted gene activity, and repression of transposon activity (Wu and Zhang, [@B222]; Meehan et al., [@B141]). DNA methylation reprogramming can take place due to inhibition of DNMTs or *de novo* DNMT activity (Meehan et al., [@B141]).

In humans and other mammals, it is generally recognized that only stem cells contain the enzymes that can alter the DNA methylation profile of a cell. Embryonic stem cells (ESCs) originate from the inner cell mass at the blastocyst stage of a preimplantation embryo and can differentiate into the three germ layers of the embryo: the ectoderm, endoderm, and the mesoderm (Das et al., [@B50]; Jeon et al., [@B102]). While most, if not all cells contain the maintenance DNA methyltrasferase, Dnmt1 (Bestor et al., [@B20]), it is generally the case that only stem cells contain the "writers" of DNA methylation - Dnmt3a, and Dnmt3b (Okano et al., [@B157]). Therefore, the putative effects of phthalates on DNA methylation probably involves affecting a writer or an eraser in one of the stem cells in the lineage of the cells being investigated, such as the hematopoietic stem cells from which PBMCs (peripheral blood mononuclear cells) are derived.

Usually, stem cells and a few neuronal cells, contain the "erasers" of DNA methylation known as ten-eleven translocation (TET) family---Tet1, Tet2, and Tet3 (Kriaucionis and Heintz, [@B112]; Cimmino et al., [@B47]). Tet1/2 are present in embryonic stem cells and Tet3 is found in the germ line and zygote. All three TET proteins are expressed in blastocysts (Ito et al., [@B96]). Tet1 preferentially causes promoter demethylation while Tet2/3 act on enhancers (Hon et al., [@B85]; Huang Y. et al., [@B93]). TET enzymes participate in DNA methylation dynamics by oxidation of 5mC to 5 hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) as intermediates in DNA demethylation pathways (Meehan et al., [@B141]). Tet2 is responsible for the vast majority of 5hmC generation (Lio and Rao, [@B123]). These DNA modifications serve as unique epigenetic signals (Nestor et al., [@B153]; Meehan et al., [@B141]). The profiles of 5hmC, 5fC, and 5caC are determined by active gene transcription and enhancer activity. They are less abundant than 5mC but are susceptible to environmental signals and can be used to identify the state of the cell (Meehan et al., [@B141]).

The most commonly used assays to analyze global DNA methylation levels due to environmental exposures in human cells are the Illumina Human Methylation 450K BeadChip (HM450K) and Illumina Human Methylation 850K BeadChip (EPIC). The HM450K array measures DNA methylation levels at over \~450,000 CpG dinucleotides throughout the genome and has been replaced in 2016 by the EPIC array that measures over \>850,000 CpG dinucleotides and and overlaps with about 90% of the sites represented by HM450K chip (Pidsley et al., [@B159]; Zhou W. et al., [@B233]). The HM450K and EPIC arrays have been used to study the effects of phthalates on DNA methylation in humans in PBMCs, whole blood, placental tissues, and sperm. In addition to DNA methylation changes induced by phthalates, we also discuss changes in small RNAs such as microRNAs which are thought to be epigenetically transmitted across generations.

Effect of Phthalates on Different Tissues {#s2}
=========================================

Embryonic Stem Cells (ESCs)
---------------------------

A cost-effective alternative to using laboratory animals in developmental and reproductive toxicity (DART) studies is using embryonic stem cells (ESCs) in so-called embryonic stem cell tests (ESTs). ESCs can make organismal decisions and ultimately give rise to the three main lineages of the embryo---the ectoderm, mesoderm, and endoderm. Human embryonic stem cell (huESC) models serve as *in vitro* models to analyze the epigenetic effects of phthalates on embryonic development since the huESCs form embryoid bodies, which is like an early stage of embryogenesis (Singh and Li, [@B182]). *In vitro* differentiation of ESCs is regulated by specific culture conditions. Treatment of culture media with phthalates cause changes in specific gene expression profiles that are predictive of embryotoxicity (van Dartel et al., [@B201]). Specifically, the top three categories for phthalate toxicity are cardiotoxicity, hepatotoxicity, and nephrotoxicity and the most commonly caused diseases are cardiovascular, liver, urologic, endocrine, and genital diseases (Singh and Li, [@B180]).

Proper growth and full-term development of the fetus requires a healthy intrauterine environment. In a previous study, a significant relationship was observed between early pregnancy loss (*n* = 48) and elevated periconceptional mono-2-ethylhexyl phthalate (MEHP) exposure (mean: 23.4 ng/mL) (Toft et al., [@B195]). Since ESCs give rise to all three germ layers-ESCs especially huESCs, serve as an excellent *in vitro* platform to study developmental toxicity of phthalates during pregnancy (Shi et al., [@B176]). Several labs hypothesize that exposing ESCs to phthalates in culture and determining how this affects their epigenome and differentiation into different lineages might help us to understand the phthalate concentrations which are toxic. In one study, it was revealed that treatment of mouse embryos with a final concentration of 10^−3^ M mono-n-butyl phthalate (MBP) affected the developmental competency, and exposure to 10^−4^ MBP resulted in the delay of progression from embryo to blastocyst (Chu et al., [@B46]).

Several phthalate esters have been shown to exert developmental toxicity as determined by *in vivo* tests in animals and also by *in vitro* tests such as whole embryo culture (WEC) and embryonic stem cell tests (ESTs) (Shi et al., [@B176]). In one study (Shi et al., [@B176]), the authors tested the toxic effects of MEHP on two cell lines of huESCs---CH1, established in their lab with a Chinese female genetic background and H1 with Caucasian male genetic background. MEHP in low concentrations (25 μmol/L or 4,103 ng/mL) after 8 days of treatment in culture did not cause any cytotoxicity but did cause changes the gene expression pattern of several differentiation genes. MEHP in a high concentration (1,000 μmol/L or 164,110 ng/mL) decreased the expression of genes related to mesoderm and the primary germ cells, induced cytotoxicity, and reduced cell proliferation and viability (Shi et al., [@B176]). Studies examining the effects on *in vitro* expansion of human hematopoietic cells from umbilical cord blood found that four phthalates---DBP, benzyl butyl phthalate (BBP), DEP, and DEHP decreased the cell expansion with DBP being the most cytotoxic (Gutierrez-Garcia et al., [@B79]).

Peripheral Blood Mononuclear Cells and Whole Blood Are the Cells-of-Choice to Study the Epigenetic Effects of Environmental Exposures
-------------------------------------------------------------------------------------------------------------------------------------

An ideal *in vitro* research model to study the exposure of xenobiotics in humans is human peripheral blood. After exposure to an environmental toxicant, peripheral blood samples express the hallmarks of epigenetic dysregulation within hours (Baccarelli and Ghosh, [@B13]). A study (Sicinska, [@B177]) was conducted to evaluate the effect of DBP, BBP, and their metabolites: MBP, mono-benzylphthalate (MBzP) on apoptosis in human peripheral blood mononuclear cells (PBMC)s after incubation periods of 12 h and/or 24 h. The concentrations tested were in the range of 1 to 100 μg/mL similar to the levels detected in general population exposure (0.02--8 μg/mL) (Chen et al., [@B43]; Lin et al., [@B122]; Wan et al., [@B208]). It was demonstrated that there was a reduction in cell viability after 12 h incubation of PBMCs with phthalates- first by BBP followed by DBP. In the 24 h incubation group, DBP exerted the earliest changes in cell viability, followed by BBP, and by both metabolites (MBP and MBzP) (Sicinska, [@B177]). To elucidate the mechanism of programmed cell death induced by phthalate exposure, the changes in the level of calcium ions (Ca^2+^), transmembrane mitochondrial potential (ΔΨm) and caspase −8,−9,−3 activity were determined. It was seen that phthalates particularly DBP and BBP increased levels of Ca ^2+^ and reduced ΔΨm of the PBMCs. Phthalates also increased the activity of the caspases, the most significant being caspase−9 (Sicinska, [@B177]).

A study (Glue et al., [@B71]) was carried out to estimate the immunotoxicological effects of monophthalates, specifically the cytokine production profiles of MBP, monobenzyl phthalate (MBEP), MEHP, mono-n-octyl phthalate (MOP), mono-isononyl phthalate (MINP), mono-iso-decyl phthalate (MIDP) which are major metabolites of some commonly used phthalates. The monophthalates were used at a concentration of 400 mg/mL. The studies demonstrated that MBP is the only phthalate that lead to an increase in the gene expression of IL-4 with no concomitant increase in the gene expression of IL-5 and IFN- γ. When data was grouped from all phthalate stimulations, there was a significant increase in gene expression of several inflammatory cytokines like IL-4, IL-5, and INF- γ gene (Glue et al., [@B71]).

Dendritic cells are critical in the development of allergic diseases (von Bubnoff et al., [@B207]). PBMCs contain the precursors for DC and are frequently exposed to various environmental toxicants. Thus, DCs derived from PBMCs are an excellent model to study immunological responses due to phthalate exposure (Ito et al., [@B97]). It was seen that only DEHP (not MEHP) at a concentration of 10 μM significantly reduced the expression of markers of maturation and differentiation in DC like CD11c, CD40, CD80, CD86, and CD205 in PBMC-derived DCs of NC/Nga mice. The effects of DEHP on PBMC-derived DCs were partially restored when the cells were treated with an estrogen receptor (ER) antagonist---ICI 182,780 (Ito et al., [@B97]). Taken together, these findings infer that DEHP attenuated the maturation of PBMC-derived DCs through ER activation.

A study was conducted to compare HM450K and EPIC BeadChips to measure DNA methylation at birth and adolescence. The study used whole blood samples from Mexican-American newborns and 14-year old children (*n* = 109 and *n* = 86, respectively) residing in Salinas Valley, California (Solomon et al., [@B184]). The overall per-sample correlations analyzed on HM450K and EPIC in both samples was strong (*r* \> 0.99), though correlations of individual CpG sites with low variance of methylation were modest (median *r* = 0.24). There was also a subset of CpG sites that had large differences in the mean methylation beta-estimates between the two platforms (Solomon et al., [@B184]). Finally, the estimates of cell type proportion prediction by the two platforms showed strong correlations in both samples, and differences in boys and girls were successfully replicated across the two platforms (Solomon et al., [@B184]).

Placenta
--------

The placenta plays a pivotal role in maintaining the appropriate intrauterine environment by delivering nutrients and oxygen to the developing fetus. It also serves as an important endocrine organ by secreting several hormones plus signaling molecules essential for maintaining the maternal physiology during pregnancy and regulating fetal growth. The placenta is essential to the Developmental Origins of Health and Disease (DOHaD) hypothesis, which posits that *in utero* events program our responses to the environment after birth, and the placenta is important to this process (Gillman et al., [@B69]; Strakovsky and Schantz, [@B187]). Any perturbations to the maternal intrauterine environment negatively impacts the long term health status of an infant by acting as a risk factor for adulthood diseases such as cardiovascular disease, obesity, and cancer (Barker, [@B14]; Nilsson et al., [@B155]; Zoeller et al., [@B235]; Radford et al., [@B164]).

### Studies of DNA Methylation in Placental Tissue

A recent study investigated how phthalates impair human placental function by epigenetic regulation of critical placental genes (Grindler et al., [@B76]). The authors looked at epigenome-wide DNA methylation and gene expression using the Agilent whole human genome array and found associations between phthalate exposures during the first trimester of pregnancy and 39 genes with altered DNA methylation and gene expression in the group of women who were highly exposed to phthalates. Further analysis determined epidermal growth factor receptor (EGFR) to be a critical candidate gene that mediates the relationship between exposure to phthalates and early placental function (Grindler et al., [@B76]). Thus, phthalates may alter the expression of placental genes by epigenetic regulation and thereby affect its regular activity.

The level of phthalates in the third trimester urine of pregnant women was associated with reduced placental long interspersed nucleotide elements (LINE-1) methylation and low birth weight. Placental LINE-1 methylation might serve as a biomarker for environmental exposure causing adverse fetal growth as fetal programming is regulated by appropriate methylation patterning (Zhao et al., [@B230]).

Genomic imprinting is an epigenetic phenomenon by which genes are methylated to reflect parent of origin expression. The paternally expressed gene Insulin-like growth-factor 2 (IGF2) and maternally expressed H19 both on chromosome 11 are two reciprocally critical imprinted genes and play significant roles in fetal and embryonic growth. Inverse associations were observed between *IGF2* and *H19* differentially methylated regions (DMRs) in placenta and prenatal exposure to HMW phthalate metabolites. Abnormal IGF2/H19 methylation in placenta suggests the fact that the developing fetus may be exposed to an adverse intrauterine environment (LaRocca et al., [@B114]).

It was demonstrated in at least two studies using human placenta that phthalate exposure during pregnancy was inversely associated with DNA methylation on selected candidate genes like H19 and insulin-like growth-factor 2 (*IGF2*) which are important in embryonic growth and development. These associations were very predominant in fetal growth restriction (FGR) newborns as opposed to normal neonates (LaRocca et al., [@B114]; Zhao et al., [@B229]). The placenta persists from the earliest stages of pregnancy through delivery and is responsible for nutrient and gas exchange, waste elimination and thermo-regulation of the developing fetus via mother\'s circulation. The epigenetic markers in the placenta from an uncomplicated pregnancy/birth vs. a complicated one can thus serve as good indicators of exposures both from intrauterine and extrauterine environments (Rossant and Cross, [@B167]; Nelissen et al., [@B152]).

Maternal exposure to phthalates also leads to fetal exposure, as these chemicals can diffuse through the placental barrier and thereby modulate the intrauterine environment (Latini et al., [@B118]). In a study designed to investigate the *in utero* effects of human exposure of DEHP and its main metabolite, MEHP, it was observed that phthalate exposure decreased the duration of pregnancy resulting in preterm birth (Latini et al., [@B119]). In a sample of 84 newborns, which included 11 preterm births, three very low birthweight newborns, four small-for-gestational-age (SGA) newborns---DEHP, MEHP, or both were found in 88.1% of the cord blood samples, and DEHP and MEHP were individually found in 77.4% of the samples (Latini et al., [@B119]). Mean concentrations of DEHP and MEHP in cord blood samples were 1.19 ± 1.15 and 0.52 ± 0.61, μg/mL respectively. Moreover, MEHP-positive newborns showed a significantly decreased gestational age as opposed to MEHP-negative infants (*p* = 0.033) (Latini et al., [@B119]).

It has been hypothesized that phthalates may elicit an intrauterine inflammatory response leading to shortened gestation (Goncalves et al., [@B73]; Latini et al., [@B119]). A structural similarity has been observed between DEHP and the proinflammatory mediators like prostaglandins and thromboxanes (Maroziene and Grazuleviciene, [@B131]). There were also reports of DEHP-induced interleukin-1 secretion in mononuclear cells and in babies born to mothers who suffered from prenatal infection and inflammation (Calo et al., [@B34]; De Felice et al., [@B53], [@B52]; Yang et al., [@B223]). Case-control studies to study preterm birth in pregnant women revealed that increased levels of ADAMTS (A Disintegrin and Metalloproteinase with Thrombospondin Motifs) family-ADAMTS4, ADAMTS5 and proinflammatory cytokines like interleukin (IL)-6, and tumor necrosis factor-α (TNF-α) in mid-trimester amniotic fluid associated with spontaneous preterm delivery (Ronzoni et al., [@B166]; Melekoglu et al., [@B143]). These data suggest that the toxicity of periconception phthalate exposure and phthalates\' capacity to disrupt pregnancy and birth via endocrine and inflammatory pathways impact development and health across the lifespan.

### Cord Blood

Umbilical cord blood (representing fetal blood) and whole blood samples for 9-year olds were examined to investigate the relationship between *in utero* phthalate exposure and methylation of repetitive elements, Alu and LINE-1. A consistent inverse relationship was observed between prenatal concentrations of MEHP and cord blood methylation of Alu repeats for early and late pregnancy, and a similar association was observed with LINE-1 methylation (Huen et al., [@B94]). In a longitudinal pregnancy cohort study from California that recruited Mexican-American women and their children, increases in prenatal urinary concentrations of DEHP metabolites gave rise to decreased methylation of Alu repeats. Pyrosequencing of bisulfite-treated DNA was used to analyze the methylation of Alu and LINE-1 (Huen et al., [@B94]). This observation suggests that prenatal phthalate exposure leads to differences in methylation of repetitive elements and thus epigenetics may be the mechanism by which phthalates exert their transgenerational effect.

A birth-cohort study involving cord blood samples from 64 infant--mother pairs at Taiwan measured DNA methylation levels using the HM450K array was discussed in the introduction section (Chen et al., [@B40]). Only 25 CpG sites in cord blood with altered methylation levels were significantly associated with DEHP exposure during perinatal period. Gene-set enrichment analysis (GSEA) identified androgen response genes, estrogen response genes, and spermatogenesis genes among the genes enriched via changes in DNA methylation after prenatal DEHP exposure (Chen et al., [@B40]). Inverse associations were found between maternal phthalate metabolite levels and gestational age, birth weight, birth length, and BMI. Taken together, these studies demonstrate that phthalate exposure *in utero* may impact DNA methylation in cord blood. These changes in DNA methylation may be candidates for biomarkers used to ascertain maternal exposure to phthalates during pregnancy and potential candidates for studying the underlying mechanisms of the long-term effects of phthalates and also the ways phthalates may impact health throughout the life course (Chen et al., [@B40]).

Effect of Phthalates as Endocrine Disrupting Chemicals on Embryonic Stem Cells and *in utero*
---------------------------------------------------------------------------------------------

Phthalates can act as endocrine disrupting chemicals (EDCs) by exerting strong antiandrogenic (Doyle et al., [@B58]; Martino-Andrade et al., [@B137]) and weak estrogenic (Lee et al., [@B120]; Huang P. C. et al., [@B92]) effects. Though, EDC exposure can be harmful at any stage of human life, the developing human fetus in a phase of rapid proliferative growth *in utero* may be particularly vulnerable (Gutierrez-Garcia et al., [@B79]). The *in utero* environment or the preconception time period has been regarded as the most vulnerable period of growth and development to environmental insults (Chapin et al., [@B39]). Additionally, *in utero* phthalate exposure has been associated with pre-term birth (Ferguson et al., [@B63]), pre-eclampsia (Cantonwine et al., [@B35]), reduced birth size (Whyatt et al., [@B213]), sex-specific changes to childhood growth and high blood pressure (Valvi et al., [@B200]), deficits in neuro-endocrine development (Engel et al., [@B61]; Kim et al., [@B108]; Factor-Litvak et al., [@B62]), and impaired male reproductive health (Cai et al., [@B32]; Swan et al., [@B192]). Phthalates can also affect the thyroid hormone balance (Araki et al., [@B7]) which leads to metabolic dysfunction in adults. Optimal maternal thyroid function during early pregnancy is essential for proper fetal brain development (Chen and Xue, [@B44]; Ghassabian and Trasande, [@B68]; Levie et al., [@B121]; Prezioso et al., [@B162]).

Phthalates are endocrine disrupting chemicals (EDCs) that mimic the natural hormones found in the human body and thus interfere or impair normal hormonal activity (Grindler et al., [@B76]). The primary female sex hormones, estrogen (E~2~), and progesterone (P~4~), play important roles in regulating the menstrual cycle, pregnancy, and embryogenesis in humans and other species (Bouman et al., [@B25]; Hong et al., [@B87]; Jeon et al., [@B102]). Apart from that, they also have an effect in regulating the pluripotency of huESCs. E~2~ and P~4~ treatment on human ESCs in a feeder-free culture protocol decreases the pluripotency of human ESCs by inhibiting the expression of pluripotency-associated markers like POU class 5 homeobox 1 (*POU5F1), sex determining region Y-box 2 (SOX2)*, and *NANOG* homeobox genes at both transcriptional and translational levels. The cells growing in control culture media without any hormones assumed the form of tightly packed cells growing in a monolayer with clean and defined edges and showed no signs of differentiation. These cells also expressed several markers specific for undifferentiated ES cells including POU5F1, SOX2, and NANOG (Jeon et al., [@B102]).

The female sex hormones E~2~ and P~4~ also alter the protein expression of markers for the epithelial-to-mesenchymal transition (EMT). E~2~ or P~4~ treatment increases the protein expression levels of N-cadherin, Snail and Slug, which are highly expressed in mesenchymal cells and decreases E-cadherin expression, which is highly expressed in epithelial cells. Phthalates exert weak estrogenic effects (Lee et al., [@B120]; Huang P. C. et al., [@B92]) and thus they can perturb normal pregnancy by decreasing the pluripotency of the stem cells in developing pre-implantation embryos (Jeon et al., [@B102]). Further validation studies involving treatment of E~2~ and P~4~ in combination with estrogen and progesterone receptor inhibitors (ICI 182,780 and RU486 respectively) found the effects of hormones on EMT and pluripotency of ES cells were restored to control levels. These findings indicate that E~2~ and P~4~ regulation of EMT and pluripotency of human ES cells are mediated by their receptors (Jeon et al., [@B102]). Bone marrow (BM) hematopoietic stem progenitor cells express functional receptors for follicle-stimulating hormone (FSH), and luteinizing hormone (LH). *In vitro and in vivo*, pituitary sex hormones such as FSH, LH, and prolactin (PRL) stimulate hematopoietic stem progenitor cells to proliferate. These cells also proliferate in response to gonadal sex hormones like androgen, estrogen, and progesterone (Carreras et al., [@B36]; Maggio et al., [@B128]; Nakada et al., [@B150]; Mierzejewska et al., [@B144]). These data elicit an interesting avenue where phthalates can interrupt normal embryonic growth and development by impairing the pluripotency of ESCs and by causing a misregulation of the EMT.

Germ Cells (Eggs and Sperm) and Ano-Genital Distance
----------------------------------------------------

### Epigenetic Changes in Sperm

Current research findings suggest that several adulthood diseases are programmed *in utero* as a result of maternal exposures to endocrine disruptors like DEHP. Those diseases are linked with critical genes which are epigenetically modified by DNA methylation or modification of histone tails (Martinez-Arguelles et al., [@B134]; Wu et al., [@B221]; Anderson et al., [@B5]; Strakovsky and Pan, [@B186]; Ayala-Garcia et al., [@B12]). The first reprogramming event occurs in the genome of the germ cell precursors while they colonize the embryo\'s urogenital crest. This imprinting event creates an epigenetic memory on the gamete\'s genome that represents the environment around them while they are committed to the gamete lineage (Jaenisch et al., [@B98]; Surani et al., [@B188]). In sexually mature males, a second round of gamete epigenetic reprogramming occurs during differentiation to give rise to spermatozoa. The spermatogonial populations can constantly reedit the epigenetic information, which enables them to inherit an updated epigenetic print that reflects the varying environmental situations. It is hypothesized that such epigenetic reprogramming permits the spermatozoa of several generations to provide updated information about the environment during consecutive periods of fertilization and transmit this information to the offspring. The next event of epigenetic reprogramming of both the paternal and maternal chromosomes occurs shortly after fertilization. Thus, experiments which involve prenatal and postnatal exposure to phthalates may unravel mechanism underlying the epigenetic modulation of gene expression for phenotypic variability between individuals and across species (Ayala-Garcia et al., [@B12]).

One study in rats reports that *in utero* exposure to DEHP impaired testicular function through changes in DNA methylation (Sekaran and Jagadeesan, [@B173]). It was observed in a separate study that *in utero* exposure to DEHP in rats was associated with both transgenerational DNA methylation in sperm and testicular and prostate diseases (Manikkam et al., [@B130]), while another study in rats reported that *in utero* exposure to DEHP alters DNA methylation throughout the epigenome, particularly in CpG islands (Martinez-Arguelles and Papadopoulos, [@B135]).

Various animal studies have established the fact that *in utero* phthalate exposure gives rise to transgenerationally inherited reproductive defects by altering sperm DNA methylation (Manikkam et al., [@B130]; Iqbal et al., [@B95]; Prados et al., [@B161]). To address the relevance of epigenetic reprogramming of sperm in humans, a study was conducted to examine the relationship of pre-conception urinary phthalate with sperm DNA methylation profiles in men undergoing fertility treatment in IVF clinics (Wu et al., [@B218]). In a study performed by HM450K analyses, 131 sperm DMRs were correlated with at least one preconception urinary metabolite. The DMRs were typically clustered with genes responsible for growth and development and other functions like cellular movement and cytoskeleton structure. Most sperm DMRs were associated with phthalate metabolites like MEHP, mono (2-ethyl-5-oxohexyl) phthalate (MEOHP), MBP and cyclohexane-1, 2-dicarboxylic acid-monocarboxy isooctyl (MCOCH), which are anti-androgenic. Furthermore, 13% of sperm DMRs could determine reproductive success and were attributable for diminished quality blastocyst-stage embryos after *in vitro* fertilization (IVF) (Wu et al., [@B218],[@B220]).

### Ano-Genital Distance

The anogenital index (AGI) is defined as anogenital distance (AGD) divided by weight at examination \[AGI = AGD/weight (mm/kg)\]. The rationale for measuring AGD is that males have a shorter AGD than females and consequently, changes in this distance are a measure of feminization or masculinization of the reproductive organs. In a study that aimed to correlate prenatal exposure to phthalates in amniotic fluid, maternal urine, and health of newborns in humans, it was found that *in utero* exposure to MBP was associated with a shortened AGI in female newborns, although no correlation was found between prenatal phthalate exposure *in utero* and AGI in male newborns (Huang et al., [@B91]). In a study that involved analysis of 106 boys aged around 12.8 months in the population, genital measurements (including AGD) were measured in relation to concentrations of phthalate metabolites in maternal prenatal urine samples. AGD was significantly and inversely related to maternal urinary concentrations of metabolites of DEHP. Incomplete testicular descent was also observed in those boys (Swan et al., [@B191]; Swan, [@B190]). These findings demonstrate that phthalate exposure may disrupt human male genital development. Females may experience reproductive toxicity due to phthalates as severe as that observed in males (Benjamin et al., [@B17]). Recent reports suggest that high urinary phthalate concentrations were linked with delayed attainment of puberty in girls (Frederiksen et al., [@B66]), increased endometriosis risk (Cobellis et al., [@B49]; Masuyama et al., [@B138]; Upson et al., [@B199]), low yield of oocytes (Hauser et al., [@B82]), increased incidences of infertility (Du et al., [@B59]), and increased clinical pregnancy loss (Mu et al., [@B148]; Hauser et al., [@B82]). To model some of these effects of phthalates seen in humans in mammalian models, there are several reports that prenatal phthalate exposure affects testicular function and is responsible for decreasing anogenital distance (AGD) in male rodents (Mylchreest et al., [@B149]; Wolf et al., [@B214]; Gray et al., [@B75]; Ema et al., [@B60]; Tyl et al., [@B198]; Carruthers and Foster, [@B37]; Andrade et al., [@B6]).

Phthalate Exposure Across the Lifespan {#s3}
======================================

Phthalate Exposure in Neonatal Intensive Care Units
---------------------------------------------------

DEHP is primarily used to soften PVC plastic in medical apparatus like blood bags, or bags used for intravenous administration of nutrients, drugs, and fluids. DEHP can leach out from the plastic that is used to make all of these bags to enter the patient\'s circulation during procedures like transfusion, heart bypass surgery, or the administration of intravenous fluids (Latini, [@B116]; Tickner et al., [@B194]). Based on a report by the Center for Devices and Radiological Health, U.S. Food and Drug Administration, devices used in Neonatal Intensive Care Units (NICU) are a prime concern because newborns undergoing procedures using these medical devices may be exposed to DEHP levels ranging from 130 to 6,000 μg/kg bw/day (Hillman et al., [@B84]; Plonait et al., [@B160]; Latini and Avery, [@B117]; Latini, [@B116]; Loff et al., [@B124]; Food U. S. Drug Administration, [@B64]; Tickner et al., [@B194]). The NICU babies are exposed to plastic tubing, blood bags, IV drips, etc. Particularly in a NICU setting, neonates would be small for two main reasons: (i) they might be preterm which makes them very underweight since they were born early; (ii) neonates who had intrauterine growth restriction (IUGR) develop many health complications and may be small for their gestational age (SGA). Children, due to their low body weights and their underdeveloped organs, are at a higher risk than adults to phthalate exposure. In fact, people of all ages who undergo such medical procedures are exposed to fairly high levels of DEHP (Shelby, [@B175]).

Asthma
------

An epidemiological study linked phthalate exposure to lower DNA methylation of TNFα which is an inflammatory cytokine that may increase asthma risk in children (Wang et al., [@B209]). Differential methylation patterns have been observed in three genes-*androgen receptor* (*AR*), *TNF*α, and *IL*-*4* causing asthma in children (Wang et al., [@B209]). TNFα 5\'CGI is a potential epigenetic biomarker for uncovering a phthalate mechanism in childhood asthma research. Hypomethylation of TNFα 5\'CGI gives rise to increased TNFα protein levels which may give rise to allergic inflammation (Wang et al., [@B209]). TNFα is present in high concentrations in bronchoalveolar fluid derived from the airways of asthma patients (Broide et al., [@B29]; Berry et al., [@B19]). A study involving a transgenerational asthma model in mouse demonstrated that maternal exposure to BBP could cause allergic airway inflammation in the offspring over 2 generations (F2). In the offspring, BBP induced global DNA hypermethylation in CD^4+^ T cells (Jahreis et al., [@B99]).

Lipid Metabolism
----------------

It was observed that exposure to DEHP *in utero* in pregnant mice induces excessive visceral fat accumulation, affects lipid metabolism and adipogenesis in their F1 offspring (Gu et al., [@B78]). The study was conducted with pregnant C57BL/6J mice who were administered with DEHP (0.05 mg/kg/day) from gestational days 1-19, the pups had significantly higher levels of serum leptin, insulin, lipid, and fasting glucose concentrations than the control pups. DEHP-exposed pups also had excessive visceral fat accumulation compared to control pups. These metabolic disorders were hypothesized to be induced by elevated levels of mRNA expression of T-box 15 (*Tbx15*) and glypican 4 (*Gpc4*) in subcutaneous and visceral adipose tissues respectively. *Tbx15 and Gpc4* are known to be developmental genes which play a role in obesity and body fat distribution in mice (Gesta et al., [@B67]; Gu et al., [@B78]).

In a longitudinal study involving 250 Mexican American children, the relationship between perinatal exposure to phthalates and adiposity during the peri-adolescence (between ages 8 and 14 years) was evaluated (Bowman et al., [@B26]). Among girls, adiposity was associated with exposure to MBP, MiBP, and MBzP. First trimester maternal urine concentrations of MiBP were associated with increased values for skinfold thickness, BMI-for-age, and waist circumference in girls (*p* \< 0.01) as opposed to control samples. *H19* methylation was positively associated with skinfold thickness in girls. There were sex-specific differences in exposure outcomes- among boys, adiposity was inversely associated with second trimester and adolescent MBzP (Bowman et al., [@B26]).

Lipid metabolism is important for synthesis of steroid hormones and phthalate-driven aberrant lipid metabolism disrupts the normal metabolic and reproductive processes (Moody et al., [@B146]). In this study (Moody et al., [@B146]), it was demonstrated that when pregnant Long-Evans rats were administered mixture of phthalates 0 (CON), 200 (LO), or 1,000 (HI) mg/kg body weight/day during the perinatal period-the male offspring for both groups at PND90 had higher body weights than control. Sterol regulatory element binding proteins (SREBPs) have been hypothesized to play a pivotal role in phthalate-induced metabolic dysregulation (Johnson et al., [@B103]; Zhang et al., [@B225]). In both testis and adipose tissue of males belonging to the HI phthalate dosage, gene expression of lipid metabolism pathways were dysregulated. *Srebf1* expression was reduced in testis whereas *Srebf2* was upregulated in adipose tissue. DNA methylation was increased at two loci in testis of HI rats and reduced at another site surrounding Srebf1 transcription start site. Simultaneously, in rats belonging to the HI phthalate dosage group- in the adipose tissue increased DNA methylation at one region was observed within the first intron of *Srebf2* (Moody et al., [@B146]). Thus, phthalate exposure impairs metabolism of lipids by DNA methylation through tissue-specific changes in gene expression.

Adulthood Diseases
------------------

### Obesity

Phthalates are associated with a number of diseases in adults due to their endocrine-disrupting abilities (Gore et al., [@B74]). One of the common disorders associated with EDCs is obesity in children and adults (Biemann et al., [@B21]; Di Ciaula and Portincasa, [@B56]). Obesity is recognized as a public health epidemic in both developed and developing countries. As per convention, for adults (individuals above the age of 18 years), overweight is defined as having a body-mass index (BMI) greater than or equal to 25 and lower than 30 and obesity is defined as having a BMI greater than or equal to 30 (Ng et al., [@B154]). A statistic from 188 countries indicates that between 1980 and 2013, combined percentage of overweight and obesity has increased by 27.5% for adults and 47.1% for children (Ng et al., [@B154]). For both developed and developing countries, the proportion of adults with a BMI of 25 or greater increased from 28.8% in 1980 to 36.9% in 2013 for men and from 29.8% to 38% for women (Ng et al., [@B154]). The peroxisome proliferator-activated receptor (PPAR)⋎, a nuclear receptor is regarded as the master regulator of adipogenesis and regulates the expression of metabolic genes during differentiation (Janesick and Blumberg, [@B100]; Stel and Legler, [@B185]).

Obesogenic EDCs have the ability to stimulate adipogenesis and fat storage and increase the chances for obesity by activating PPAR⋎ (Stel and Legler, [@B185]). PPAR⋎ acts on the differentiation pathway connecting multipotent stromal stem cells to mature adipocytes (Janesick and Blumberg, [@B100]; Watt and Schlezinger, [@B211]). PPAR⋎ regulates histone deacetylation, changes in DNA methylation and modulates a series of mechanistic pathways leading to increase in adipocyte formation and fat storage (Tabb and Blumberg, [@B193]; Blumberg, [@B23]; Janesick and Blumberg, [@B101]; Rajesh and Balasubramanian, [@B165]; Stel and Legler, [@B185]; Watt and Schlezinger, [@B211]). One study using a primary mouse bone marrow culture model demonstrated that phthalates interact with PPARs and regulate the expression of genes involved in adipocyte differentiation, adipogenesis, and metabolic processes like lipid and glucose homeostasis (Desvergne et al., [@B54]; Grygiel-Gorniak, [@B77]; Watt and Schlezinger, [@B211]). The Developmental Origins of Health and Disease (DOHaD) hypothesis is a paradigm in which prenatal and perinatal exposure to environmental factors plays a pivotal role in determining life-long patterns of health and disease (Gluckman and Hanson, [@B70]). The Newcastle thousand families study, which consisted of 932 members of thousand families 1947 birth cohort, aimed to track whether being overweight in childhood increases the risk of adult obesity (Wright et al., [@B217]). The study examined 412 subjects at age 50 and found that BMI at age 9 years was significantly correlated with BMI at age 50 and only children who were obese at 13 had an increased risk of obesity during adulthood (Wright et al., [@B217]). Maternal urinary levels of mono-3-carboxypropyl phthalate (MCPP), a non-specific metabolite of multiple phthalates, caused childhood obesity in a study that recruited 707 children from three prospective cohort studies in the USA between 1998 and 2006 (Buckley et al., [@B30]). The study explored the relationship between maternal urinary phthalate metabolite concentrations during pregnancy with weight and height of children at ages 4 to 7 years (Buckley et al., [@B30]). Metabolites of DEP and DEHP were associated with sexually dimorphic effects on BMI and ΣDEHP was inversely related with BMI z-scores among girls, but no association was noted in boys (Buckley et al., [@B30]). Children\'s Health and Environmental Chemicals in Korea (CHECK) Study recruited 128 healthy pregnant women and their newborns (65 boys and 63 girls)---levels of DEHP metabolites were measured in maternal blood, urine, placenta, and cord blood samples as well as newborns\' urine (Kim et al., [@B106]). The study revealed that DEHP exposure may decrease ponderal index (PI) and increase triglyceride (TG) levels in newborn infants especially boys (PI, β = −0.13, *p* = 0.021; and TG, β = 0.19, *p* = 0.025) causing increase in body mass in early life. This observation also suggested that *in utero* exposure to DEP and DEHP was positively associated with body mass change of the newborns during first 3 months after birth (Kim et al., [@B106]).

### Men\'s Reproductive Health

The major male reproductive anomaly associated with phthalates is "testicular dysgenesis syndrome" which is characterized by hypospadias, cryptorchidism, undescended testes, reduced anogenital distance, reduction in sperm count and quality, sterility, and occurrence of testicular cancer (Sharpe and Skakkebaek, [@B174]; Swan, [@B190]). Anogenital distance (distance between anus and genitalia) is the most sensitive marker for estimating the impact of phthalates in human males; this anomaly is associated with prenatal exposure of the male fetus to phthalates while in the womb (Swan et al., [@B191]; Marsee et al., [@B132]; Suzuki et al., [@B189]). Phthalates bind to histone tails thus regulating the extent of DNA enclosed by it and thereby alter the availability of genes which can be activated (Wu et al., [@B221]; Manikkam et al., [@B130]). One study (Wu et al., [@B221]) showed that in mice, maternal exposure of DEHP caused testicular dysfunction which was mediated by DNA hypermethylation, leading to increased expression of DNA methyltransferases and downregulated production of insulin like hormone-3, a gene responsible for testosterone production. Phthalate monoesters like mono-n-butyl phthalate (mBP), mono-ethyl phthalate (mEP) found in human breast milk have a positive correlation with postnatal surge of hormones like serum hormone binding globulin (SHBG) in newborn boys. Phthalates like mono-methyl phthalate (mMP), mono-ethyl phthalate (mEP), and mono-n-butyl phthalate (mBP) were directly related with the ratio of LH:free testosterone and mono-isononyl phthalate (miNP) with luteinizing hormone (LH). mBP was negatively correlated with free testosterone and these hormonal imbalances could be a sign of testicular dysgenesis (Main et al., [@B129]). Testicular dysgenesis syndrome can lead to impaired spermatogenesis and is associated with testicular cancer in adult men (Virtanen et al., [@B206]).

### Allergies and Asthma

High molecular weight phthalates like DEHP, BBP, and their monoesters have been associated with allergies, asthma, wheezing, hay fever, itchy rashes, and eczema in adults. These phthalates are hypothesized to affect disease of the airways through increased levels of oxidative stress and secretion of several inflammatory cytokines like IL-4, IL-5, and INF- γ gene (Glue et al., [@B71]; Braun et al., [@B27]; Hoppin et al., [@B88]; North et al., [@B156]). DEHP and BBP have been shown to interfere with immunity against infection and alter the response of T helper type 2 (Th2) to increase allergic responses by acting on human plasmacytoid DCs (pDCs) by suppressing IFN-α/IFN-β expression and regulating the ability to elicit T-cell responses (Kuo et al., [@B113]).

### Cancer

Phthalates have been implicated in the development of several types of cancer because of their xenoestrogenic properties-breast cancer in women and liver, skin, and gastrointestinal cancers in general population (Ardies and Dees, [@B8]; Lopez-Carrillo et al., [@B125]). A study that included 233 women residing in northern Mexico found exposure to DEP (the parent compound of MEP) was associated with increased risk of breast cancer with phthalate metabolites detected in at least 82% of the women (Lopez-Carrillo et al., [@B125]). MEP urinary concentrations were positively associated with breast cancer \[odds ratio (OR), highest vs. lowest tertile = 2.20; 95% confidence interval (CI), 1.33--3.63; *p* for trend \< 0.01\] (Lopez-Carrillo et al., [@B125]).

Phthalates damage DNA in animal and human mammary epithelial cells which causes genomic instability in the breast tissue (Konduracka et al., [@B111]). Phthalates act as agonists for PPARs and activate the BARC gene through molecular signaling (Guyton et al., [@B80]; Rusyn and Corton, [@B168]; Sarath Josh et al., [@B171]). DEHP at high doses (100 and 500 μM) impaired the efficacy of camptothecin (CPT), an antitumor agent and reduced CPT- induced formation of reactive oxygen species (ROS) in ERα-positive MCF-7 cells (Chou et al., [@B45]). The impaired response of CPT in DEHP- exposed MCF-7 cells was mediated by epigenetic changes. MCF-7 cells after 48 hrs of exposure to 100 μM DEHP displayed considerable changes in patterns of DNA methylation, including hypermethylation of 700 genes and hypomethylation of 221 genes (Chou et al., [@B45]). In a Danish nationwide cohort of 1.12 million women who were followed for 10 years, 84% of breast cancers were ER-positive, and high level DBP exposure (≥10,000 mg) was directly related with a 2-fold increase in the rate of estrogen receptor- positive breast cancer risk (Ahern et al., [@B2]). This *in vivo* observation is consistent with *in vitro* evidences of DBP induced increases in proliferation and viability in an ER-dependent MCF-7 breast cancer cell line (Hong et al., [@B86]; van Meeuwen et al., [@B202]; Chen and Chien, [@B41]; Chen et al., [@B42]).

Phthalates and microRNAs {#s4}
========================

MicroRNAs (miRNAs) are single-stranded, non-coding RNA molecules (sncRNAs) which are evolutionary-conserved and are involved in the regulation of gene expression at the posttranscriptional level (Ambros, [@B4]; Macfarlane and Murphy, [@B126]). miRNAs are \~22 nucleotides long and can base-pair with complementary sequences of the 3\' untranslated region (UTR) of messenger RNAs (mRNA) and thereby cause repression of translation and/or degradation of mRNA (Bird, [@B22]; Goldberg et al., [@B72]; Berger et al., [@B18]; Zhang and Ho, [@B226]).

One hypothesis is that the long-term reproductive defects associated with phthalate exposure is exerted through the action of non-coding miRNAs (Scarano et al., [@B172]). In that study, pregnant rats were dosed with phthalate mixture in the following proportion: 21% DEHP, 35% DEP, 15% DBP, 8% DiBP, 5% BBzP, and 15% DiNP. This proportion of phthalate mixture was based on proportion of phthalates metabolites detected in urine samples from pregnant women (Zhou C. et al., [@B232]; Scarano et al., [@B172]). To examine whether exposure to the phthalate mixture is capable of altering gene expression during prostate development of the filial generation, levels of mRNAs and miRNAs genome-wide were analyzed by RNA-seq (Scarano et al., [@B172]). The period of treatment was from gestational day 10 (DG10) to postnatal day 21 (DPN21) as development of urogenital tract especially the prostate occurs during this period (Vilamaior et al., [@B205]; Prins and Putz, [@B163]; Zhou C. et al., [@B232]; Scarano et al., [@B172]). Results indicated that the phthalate mixture induced changes in phenotypic parameters such as the AGD on PND1 and PND22 and prostate weight and testosterone levels at PND22 (Scarano et al., [@B172]). miR-184 was upregulated in all treated groups as opposed to control and miR-141-3p was upregulated only at the lowest dose. RNA sequencing analyses indicated that 120 genes were downregulated at the lowest dose with several of these genes associated with development, differentiation, and oncogenesis. A considerable number of the downregulated genes were predicted to be targets of miR-141-3p and miR-184, and the genes were induced at the lower exposure doses (Scarano et al., [@B172]). It was concluded that differentially expressed genes (DEG)s were under negative regulation either by the miRNAs which are upregulated or other mechanisms causing gene suppression (Scarano et al., [@B172]).

Gestational Diabetes
--------------------

Several circulating miRNAs are dysregulated in patients diagnosed with gestational diabetes mellitus (GDM) during pregnancy (Zhao et al., [@B228]; Zhu et al., [@B234]). A study sought to identify the association of BPA and phthalate exposure measured in serum with the expression of circulating miRNAs related to GDM (miR-9-5p, miR-16-5p, miR-29a-3p, and miR-330-3p) revealed higher levels of miR-9-5p, miR-29a-3p, and miR-330-3p of patients with GDM compared to non-diabetic subjects (Martinez-Ibarra et al., [@B136]). Phthalate metabolites like MBP, mono-isobutyl phthalate (MiBP), mono-benzyl phthalate (MBzP), and MEHP were detected in 97--100% of urine samples and Bisphenol-A (BPA) in only 40% of samples (Martinez-Ibarra et al., [@B136]). Thus, phthalates and BPA may play a role in the development of metabolic diseases like GDM via epigenetic regulatory mechanism such as miRNA regulation.

Female Fertility
----------------

A cross-sectional study was carried out to assess whether biomarkers of phenols and phthalates in urine of women undergoing IVF treatment are correlated with expression of extracellular vesicles (EV)-miRNAs in their follicular fluid. The urine samples were collected from participants during ovarian stimulation and the day oocyte was retrieved (Martinez et al., [@B133]). Results indicated that hsa-miR-125b and hsa-miR-15b were positively related with DEHP, while levels of hsa-miR-106b, and hsa-miR-374a were inversely related with DEHP. MBP was positively associated with levels of hsa-miR-24. *hsa-let-7c* was positively associated with urinary concentrations of mono-2-ethyl-5-oxohexyl phthalate (MEOHP), mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-carboxypentyl phthalate (MECPP), and DEHP (Martinez et al., [@B133]). EV-miRNAs are associated in cellular communication (both intra- and inter-) within the ovarian follicle and thus their dysregulation after EDC exposure can impact follicular growth, ovarian function and thus fertility rates.

microRNAs and Placenta
----------------------

Changes in mRNA levels by phthalates have also been correlated with placental function. In a population study composed of 179 pregnant women--newborn dyads, an analysis was conducted to investigate the association between 8 phenol and 11 phthalate metabolites measured in first trimester urine and expression of 29 candidate miRNAs in placenta (LaRocca et al., [@B115]; Strakovsky and Schantz, [@B187]). Three miRNAs---miR-142-3p, miR15a-5p, and miR-185 were significantly associated with phenol or phthalate levels and potential mRNA targets of these microRNAs were linked with several biological pathways like regulation of protein serine/threonine kinase activity (LaRocca et al., [@B115]). Another small study comprising of 10 twin pregnancies suggested that several maternal urinary phthalate metabolites, including mono(carboxy-isononyl) phthalate (MCNP), MEHP, MEHHP, MECPP, mono-2-ethyl-5-oxohexyl phthalate (MEOHP), MBzP, mono(carboxy-isooctyl) phthalate (MCOP), mono-hydroxyisobutyl phthalate (MHiBP), and MiBP were positively correlated with placental long non-coding RNAs (lncRNAs) (Machtinger et al., [@B127]).

Placenta-derived EV-miRNAs are released by the placenta into the maternal circulation during pregnancy, and are responsible for regulating the endocrine environment to facilitate pregnancy and fetal growth (Mitchell et al., [@B145]). An exploratory study revealed that maternal exposure to phthalates and parabens can alter the profile of circulating EV-miRNAs (Zhong et al., [@B231]). miR-518e is highly expressed in women with elevated urinary levels of monobenzyl phthalate and methyl paraben. miR-373-3p had the lowest expression in women exposed to high levels of methyl paraben while miR-543 showed significant downregulation in women with high levels of paraben metabolites (Zhong et al., [@B231]). miR-518e, a member of the C19MC family is restricted to the placenta and the reproductive system and has high expression levels in the placentas of women having preeclampsia (Yang et al., [@B224]; Vashukova et al., [@B204]).

Biomonitoring and Comparative Toxicogenomics Database (CTD) {#s5}
===========================================================

Biomonitoring Phthalate Levels in Humans
----------------------------------------

Single spot urine samples comprising of excreted urinary metabolites contribute most of the data collected for biomonitoring of human phthalate exposure (McKee et al., [@B140]; Hauser and Calafat, [@B81]; Wormuth et al., [@B216]; Frederiksen et al., [@B65]). Short-branched phthalates are mainly excreted as its monoester phthalates via urine (Frederiksen et al., [@B65]). The long-branched phthalates undergo further hydroxylation and oxidation and are excreted in urine and feces as phase II conjugated compounds. The phase II conjugates can be catalyzed by the enzyme uridine 5\'-diphosphoglucuronyl transferase to form the hydrophilic glucuronide conjugate and is excreted in urine (Silva et al., [@B178]; Koch et al., [@B109]). A single urine sample for measurement of phthalate metabolites is also not an accurate estimation for an individual\'s long-term exposure level (Meeker et al., [@B142]). There have been scarce reports so far about phthalate levels in fetal cord blood and amniotic fluid. Also, cord blood or placenta may not correctly represent fetal exposure during the vulnerable period (Latini et al., [@B119]). Phthalates diesters and their metabolites have been measured in breast milk, cord blood, and other pregnancy related specimens in humans (Adibi et al., [@B1]; Latini et al., [@B119]; Main et al., [@B129]). Amniotic fluid is primarily formed from fetal urination and metabolized fetal cells. The phthalate metabolite concentrations in amniotic fluid varies based on metabolic activities of both mother and fetus and placental transfer but none of these metabolic parameters have been so far characterized for phthalate metabolites (Huang et al., [@B91]). Routine amniocentesis is usually performed at 16--20 weeks of gestation and amniotic fluid obtained during that time may provide accurate fetal exposure assessment during a period of reproductive differentiation and organogenesis (Silva et al., [@B179]). In the same study, among 10 phthalate metabolites analyzed-mEP, mBP, and mEHP were detected in 18.5% of the amniotic fluid samples taken from 54 anonymous donors (Silva et al., [@B179]). Infact, mEP, mBP, and mEHP were also major phthalate metabolites detected in serum samples from a multiethnic population (Silva et al., [@B178]). In one Italian study of 84 newborns, it was observed that MEHP in the cord blood of the newborns was associated with shorter gestations (Latini et al., [@B119]).

The Comparative Toxicogenomics Database (CTD)
---------------------------------------------

The Center for the Evaluation of Risks to Human Reproduction (CERHR) was established by the National Toxicology Program (NTP) in 1998 (National Toxicology Program, [@B151]). CERHR provides a public resource for information regarding adverse health effects caused by exposure to various environmental and occupational chemicals. The chemicals are nominated for evaluation based on extent of public concern, production volume, potential of human exposure from environmental sources and availability of database on reproductive and developmental toxicity studies of the chemical (National Toxicology Program, [@B151]). CERHR selected DEHP based on the fact that general population of the United States is exposed to DEHP levels ranging from 1 to 30 μg/kg bw/day and it has been estimated that infants are exposed to DEHP through medical procedures and exposure can be as high as 6,000 μg/kg bw/day (National Toxicology Program, [@B151]). The Phthalates Expert Panel completed the first CERHR panel evaluation of DEHP in 2000. CEHR selected DEHP because of widespread public and government interest in its adverse health outcomes and availability of several toxicity papers at that time (Singh and Li, [@B180]; National Toxicology Program, [@B151]).

The Comparative Toxicogenomics Database (CTD) is a curated database that aids in understanding the effects of various environmental chemicals on human health. Biocurators at CTD use information from the literature to manually curate chemical-gene interactions, chemical-disease relationships and gene-disease relationships and construct chemical-gene-disease networks (Davis et al., [@B51]). Biocurators at CTD maintain toxicogenomic data and curation focuses on environmental chemicals. It is composed of data collected from 270 species with over 116,000 interactions between 3,900 chemicals and 13,300 genes/proteins, 5,900 gene/protein-- disease direct relationships, and 2,500 chemical--disease direct relationships (Singh and Li, [@B180]).

In the CTD database, five most frequently curated phthalates (DEHP/MEHP and DBP/BBP/MBP) along with BPA have 1,232 and 265 interactions with unique genes/proteins, respectively (Singh and Li, [@B180], [@B181],[@B182]). In one study (Singh and Li, [@B180]), in order to understand the health impact of the five most abundantly found phthalates, the authors downloaded the curated interactions between the five most common phthalates and the genes /proteins from CTD. From this database, 249 phthalate-interacting genes/proteins were fully analyzed for their Gene Ontology (GO) pathways, networks, and human diseases inferred by the phthalate--gene/protein--disease relationships. This analysis has ascertained that the pathways and networks of the top 34 genes were very similar to those of the 249 unique genes. Thus, the top 34 genes may be regarded as molecular biomarkers of phthalate toxicity (Singh and Li, [@B180]). The developmental effects of DBP/BBP/MBP depend primarily on two different factors- the duration of exposure and age of the embryo at the time of exposure. In an attempt to study the embryo-toxicant MBP, ESCs were exposed from the early embryoid body stage to 24 h post exposure and RNA was collected after 6, 12, and 24 h of exposure to study gene expression profile (van Dartel et al., [@B201]). There were a total number of 43 genes that were upregulated in the study and those were functionally related to cardiomyocyte differentiation (van Dartel et al., [@B201]).

No-Observable-Effect-Level (NOEL)/No-Observable-Adverse-Effect-Level (NOAEL)/Lowest-Observed-Adverse-Effect Level (LOAEL)
-------------------------------------------------------------------------------------------------------------------------

Regulatory agencies like U.S. Environmental Protection Agency (EPA), the National Toxicology Program (NTP) typically include three doses while testing chemicals such as environmental endocrine disruptors (EEDs) like phthalates for the purposes of non-clinical risk assessment: (i) No-Observable-Adverse-Effect-Level (NOAEL): the highest dose/exposure given to an organism found by experiment or observation that has no observed toxic or adverse effect on traditional toxicological endpoints compared to an appropriate control (ii) No-Observable-Effect-Level (NOEL): the highest dose or exposure level that produces no observable effect in the animals tested when compared with its appropriate control (iii) Lowest-Observed-Adverse-Effect Level (LOAEL): the lowest concentration of a substance that causes toxic or biochemical effects in animal studies (Vandenberg et al., [@B203]). The term "adverse effect" designates any harmful anatomical, biochemical, or functional changes caused in test subjects due to administration of the particular chemical used in that study (Kerlin et al., [@B105]).

Traditionally, NOAELs, NOELs, and LOAELs are calculated by first determining the maximum tolerated dose of a chemical, and then adjusting the dose downward until no adverse effects are observed (Vandenberg et al., [@B203]). This approach fails to identify non-monotonic dose responses that may be found in lower doses of endocrine disrupting chemicals like phthalates. A review of low-dose effects and non-monotonic dose curves of endocrine disrupting chemicals is available (Vandenberg et al., [@B203]). The endocrine system has evolved to respond to very low concentrations of unbound physiologically active hormones (Welshons et al., [@B212]). Natural hormones can affect their targets with serum levels in the nano and picomolar range. Likewise, EDCs often exert effects at doses in the nano to micromolar range, resulting in non-monotonic dose-responses that fail to align with predictions from higher doses (Vandenberg et al., [@B203]).

A dose response curve is termed non-monotonic when the slope of the curve changes sign one or more times within the range of doses examined (Vandenberg et al., [@B203]). Non-monotonic dose-response curves (NMDRCs) are either U-shaped, indicating that maximum responses of the measured endpoint are observed at low and high doses, or inverted U-shaped, indicating maximal responses are observed at intermediate doses (Vandenberg et al., [@B203]). NMDRCs are generated by a variety of mechanisms---(i) hormones though toxic at high doses can affect biological endpoints at very low doses (ii) two or more monotonic responses can overlap affecting a common endpoint in opposite directions via different pathways (iii) differences in receptor affinity at low *vs*. high doses (iv) downregulation of receptor and receptor desensitization (e.g., decrease in response to a hormone occurs due to biochemical inactivation of a receptor) (v) receptor competition, in that the mixture of endogenous hormones and EDCs creates an environment that gives rise to NMDRCs (Vandenberg et al., [@B203]).

The epigenome varies by cell, tissue and stage of development, and EDCs may impact different cells and tissues differently, and findings that identify differential methylation resulting from phthalate exposure may be confounded by cell composition of the biological sample (Breton et al., [@B28]). Further complicating the identification of NOAELs of phthalates in human epigenetic studies is the fact that humans are chronically exposed to low doses as opposed to the acute high-dose exposures used in animal studies (CDC, [@B38]). This makes the traditional NOAEL calculations challenging to apply to human studies. Two critical areas of research for identifying NOAELs of phthalates in human epigenetic research are the identification of EDC induced changes in the epigenome across varying tissues and the characterization of the mechanisms through which phthalates impact the epigenome. There are several factors that determine the success of high-throughput epigenome-wide association scans (EWAS) like Illumina Infinium HumanMethylation450 (Illumina 450K) e.g., sample size, statistical power, epigenetic risk effect size and differentially methylated regions (DMRs) (Tsai and Bell, [@B197]).

The effects of acute doses of phthalates often fail to manifest in the dosed generation but are noted in one to two generations after the original generation is dosed, and multigenerational animal studies are generally designed to evaluate such effects. Low-powered studies and low number of widely spaced dose groups can give rise to inaccurate NOAEL values (Barnes et al., [@B15]; Sand et al., [@B170]; Hotchkiss et al., [@B90]). One study (Blystone et al., [@B24]) designed to evaluate the effect of DEHP on male reproductive malformations (RTM)s in male Sprague-Dawley rats used more than three traditional dose groups plus control and a bigger than usual sample size of F1 and F2 male rats until adulthood to define the DEHP NOAEL for male RTMs and also to evaluate the shape of dose-response curve. The *in utero* exposures for F1 and F2 were the same and the NOAEL for F1 and F2 RTM combined data were 100 ppm (4.8 mg/kg/day), and the lowest observed adverse effect level (LOAEL) was 300 ppm or 14 mg/kg/day (Blystone et al., [@B24]).

Furthermore, NOAELs vary according to the different endpoint parameters studied (Zhang et al., [@B227]). A particular study designed to evaluate the effect of DBP on reproductive and developmental toxicity during gestational day (GD1) to postnatal day (PND21) on F1 male rats showed that the NOAEL was 250 mg/kg/day when endpoint measured was number of live pups per litter whereas the NOAEL was 50 mg/kg/day when endpoint measured was birth weight of live pups (Zhang et al., [@B227]). These multigenerational animal models demonstrate that the calculation of NOAELs requires specific endpoints to delineate adverse effect. DNA methylation can be viewed as a process that results from the exposure and contributes to the eventual expression of an endpoint but is not the endpoint itself. As DNA methylation is not an endpoint in health research but is an intermediary between phthalate exposure to other endpoints such as gene-expression, determination of NOAELs for epigenetic research will need to reflect the degrees to which changes in methylation adversely affect these end-points, which are yet unknown. Perhaps a more important question to answer is do we need to establish NOEALs for epigenetic research if the changes in DNA methylation are not the ultimate outcomes we seek to understand.

Discussion {#s6}
==========

This review is expected to inspire future research endeavors in environmental epigenetics to investigate the effects of the endocrine disruptors at different life stages from the perspective of transgenerational and multigenerational epigenetic inheritance ([Table 1](#T1){ref-type="table"}). There is substantial evidence from ESTs and rodent models that phthalates disrupt healthy growth and development of a fetus. There is more limited human evidence, though there is a body of literature that demonstrates associations between phthalate exposure and disrupted growth and development. Experimental evidence also demonstrates that the effects of phthalate exposure may not be realized until later in the life-cycle or in subsequent generations. Experimental and observational data demonstrate that exposure to phthalates modifies gene expression through epigenetic changes such as DNA methylation at CpG sites. One of the main areas of concern is maternal exposure of phthalates to fetus and infants via placenta and breast milk (Latini et al., [@B118]; Calafat et al., [@B33]).

###### 

Research studies of the epigenetic impact of those phthalates and the long-term health consequences of exposure to phthalates by model.

  **Model**                                                                **Life-cycle timing of impact of phthalate exposure**      **Impact of exposure**                                                                                                                                   **Epigenetic dysregulation associated with exposure**                                                                                                                                                                          **Associated phthalate di-esters or monoesters**                                                      **Analysis method**                                                                                                                                            **References**
  ------------------------------------------------------------------------ ---------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------
  **Embryo and embryonic stem cell models**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  Embryonic stem cells (Murine)                                            Embryonic stage                                            Inhibition of mesoderm-derived cardiomyocyte differentiation                                                                                             Upregulated gene expression of 43 genes                                                                                                                                                                                        MBP                                                                                                   Microarray analysis & Gene Set Enrichment Analysis (GSEA)                                                                                                      van Dartel et al., [@B201]
  Embryonic stem cells (Human)                                             Embryonic stage                                            Cytotoxic and affected the development of hESCs                                                                                                          Changed gene expression patterns in embryoid bodies (EB)                                                                                                                                                                       MEHP                                                                                                  Gene expression patterns analyzed by real-time PCR                                                                                                             Shi et al., [@B176]
  Embryo (Murine)                                                          Embryonic stage                                            Impaired developmental competency, delayed progression of preimplantation, increase in reactive oxygen species, increased apoptosis                      Decreased DNA methylation                                                                                                                                                                                                      MBP                                                                                                   Immunofluorescent staining& quantification of immunofluorescent intensity                                                                                      Chu et al., [@B46]
  **Placenta models**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  Placenta (human)                                                         Fetal stage                                                Placental function                                                                                                                                       Altered methylation and gene expression in human placenta                                                                                                                                                                      Total urinary phthalate concentration                                                                 Illumina Infinium HM 850k BeadChip                                                                                                                             Grindler et al., [@B76]
  Placenta, Cord blood                                                     Fetal stage                                                No association with fetal length or birthweight                                                                                                          Decreased methylation *H19* in women with high levels of total urinary phthalate concentrations Total phthalates and low molecular weight phthalates associated with decreased methylation of *IGF2*DMR0                       11 phthalate metabolites(MBzP, MEHP, MEHHP, MECPP, MEOHP, MnBP, MiBP, MBzP, MEP, MCOP, MCPP, MCNP).   Methylation of differentially methylated regions (DMRs) were assessed by pyrosequencing of *H19, IGF2*DMR0, and *IGF2*DMR2                                     LaRocca et al., [@B114]
  Placenta (Human)                                                         Fetal & neonatal stages                                    Fetal growth restriction (FGR) newborns                                                                                                                  Inverse association of urinary phthalate concentrations with *IGF2* DNA methylation in human placenta                                                                                                                          MEHHPMEOHP                                                                                            PCR & pyrosequencing                                                                                                                                           Zhao et al., [@B229]
  Placenta (Human)                                                         Placental and fetal growth                                 Gene ontology (GO) identified biological pathways to health outcomes                                                                                     Three miRNAs were significantly associated with phthalate levels (miR-185, miR-142-3p, miR15a-5p)                                                                                                                              11 phthalate metabolites(MBzP,MEHP, MEHHP,MECPP, MEOHP, MnBP, MiBP, MBzP, MEP, MCOP, MCPP, MCNP).     qPCR                                                                                                                                                           LaRocca et al., [@B115]
  Placenta (Human)                                                         Newborn stage                                              long non-coding RNAs (lncRNA)s play an important role in regulating genomic imprinting                                                                   lncRNAs                                                                                                                                                                                                                        MCNP,MEHP, MECPP, MEOHP, MBzP, MCOP, MHiBP, MiBP, MMP, MCPP,MEP, MNP, MnBP, MHBP                      Real-time PCR                                                                                                                                                  Machtinger et al., [@B127]
  **Blood-based models**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Peripheral Blood Mononuclear Cells (human), monocytic cell line THP-1    Adult birch-pollen allergic and non-allergic individuals   Increased inflammatory cytokine gene expression                                                                                                          A significant increase in IL-4, IL-5 and INF- γ gene expression were observed                                                                                                                                                  MBEP, MBUP, MEHP, MOP, MINP, MIDP                                                                     Quantitative competitive RT-PCR and real-time PCR                                                                                                              Glue et al., [@B71]
  Whole blood from umbilical cord at birth and children at 9 years         Fetal stage                                                Asthma, inflammation, restricted child growth, and poor sperm quality                                                                                    Inverse association between MEP concentration and cord blood Alu repeats Inverse association between DEHP and Alu repeat methylation in children at 9 years of age                                                             MEP, MBP, MiBP, MEHP, MEHHP, MEOHP, MECPP, MBzP, MCPP, MCOP, MCNP                                     Pyrosequencing                                                                                                                                                 Huen et al., [@B94]
  Whole blood from umbilical cord                                          Fetal stage                                                Genes related to androgen response, estrogen response, spermatogenesis enriched                                                                          Altered DNA methylation                                                                                                                                                                                                        DEHP                                                                                                  HM450K                                                                                                                                                         Chen et al., [@B40]
  Whole blood from children                                                Childhood                                                  Decreased methylation of TNF-α gene promoter and childhood asthma                                                                                        Detection of DNA methylation by pyrosequencing, real-time PCR                                                                                                                                                                  MEHP                                                                                                  Quantitative PCR                                                                                                                                               Wang et al., [@B209]
  Whole blood from children                                                Childhood                                                  Skinfold thickness in girls 8 to 14 years old.No direct link between phthalate exposures and adiposity measures mediated by changes in DNA methylation   Altered DNA methylation of H19 in girls                                                                                                                                                                                        MEP,MBP, MiBP, MCPP, MBzP, MEHP, MEHHP,MEOHP, MECPP                                                   Pyrosequencing                                                                                                                                                 Bowman et al., [@B26]
  Serum from pregnant women                                                During gestation                                           Higher levels of miR-9-5p, miR-29a-3p and miR-330-3p in sera of patients with gestational diabetes mellitus compared to non-diabetic subjects            miRNA expression                                                                                                                                                                                                               MBP, MiBP, MBzP, MEHP                                                                                 Real-Time PCR                                                                                                                                                  Martinez-Ibarra et al., [@B136]
  **Murine pregnancy models**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  Pregnant rats                                                            F1 generation reproductive stage                           Adult testicular function                                                                                                                                Hypermethylation in SF-1 and Sp-1 promoter regions of Leydig cells                                                                                                                                                             DEHP                                                                                                  Real-Time PCR                                                                                                                                                  Sekaran and Jagadeesan, [@B173]
  Pregnant rats                                                            F1 generation reproductive stage                           Adult male testicular and prostate disease                                                                                                               Altered DNA methylation in sperm and transgenerational inheritance                                                                                                                                                             DEHP                                                                                                  Quantitative PCR                                                                                                                                               Manikkam et al., [@B130])
  Pregnant rats                                                            F1 generation reproductive stage                           Genes controlling immune response affected by *in utero* DEHP exposure                                                                                   DNA methylation alterations throughout epigenome of adult male adrenal glands                                                                                                                                                  DEHP                                                                                                  Reduced-representation bisulfite sequencing                                                                                                                    Martinez-Arguelles and Papadopoulos, [@B135]
  Pregnant mice                                                            F2 generation childhood                                    Allergic airway inflammation                                                                                                                             Altered DNA methylation and transgenerational model                                                                                                                                                                            BBP                                                                                                   MassARRAY                                                                                                                                                      Jahreis et al., [@B99]
  Pregnant rats                                                            F1 generation                                              Low and high exposure groups had higher body weight than control group                                                                                   Altered DNA methylation of Srebf1 and Srebf2                                                                                                                                                                                   DEP,DEHP, DBP, DiNP, DiBP, BBP                                                                        EZ DNA Methylation Gold Kit                                                                                                                                    Moody et al., [@B146]
  Pregnant rats                                                            F1 Male reproductive stage                                 Altered ano-genital distance, prostate weight, and testosterone levels                                                                                   Non-coding miRNA                                                                                                                                                                                                               Mixture of DEHP,DEP, DBP, DiBP, BBzP, DiNP                                                            \(i\) RNAs sequenced by HiSeq2500 platform (Illumina) (ii) High performance sequencing---sncRNAs (NovaSeq Sequencing System)                                   Scarano et al., [@B172]
  **Other models**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  Follicular fluid                                                         Female reproductive stage                                  Dysregulation of follicular growth, ovarian function, and fertility                                                                                      EV-miRNA                                                                                                                                                                                                                       DEHP,MBP, MEOHP,MEHHP, MECPP                                                                          TaqMan Open Array Human microRNA panel                                                                                                                         Martinez-Ibarra et al., [@B136]
  Spermatozoa                                                              Reproductive stage                                         Genes associated with growth and development, and basic cellular function, and diminished blastocyst quality                                             Differential DNA methylation                                                                                                                                                                                                   MEHP, MEOHP, MBP, MCOCH                                                                               HM450K                                                                                                                                                         Wu et al., [@B218]
  Placental derived extracellular vehicles circulating in maternal blood   Fetal stage                                                Expression of mi-518e associated with increased BBP                                                                                                      EV-miRNA                                                                                                                                                                                                                       BBP                                                                                                   TaqMan Open Array Human microRNA panel                                                                                                                         Zhong et al., [@B231]
  Mouse liver and testes                                                   Adult reproductive stage                                   DEHP causes toxicity in liver- liver is involved in steroid metabolism and is known to be a DEHP target organ.                                           51 DEHP-regulated genes were identified involved in-peroxisome proliferation, xenobiotic detoxification, oxidative stress response, immune function, steroid hormone metabolism, testis development, and pheromone transport   DEHP                                                                                                  Analysis of DEHP induced gene expression changes in liver using microarray screening of Murine Genome U74Av2 Arrays (MGU74Av2) (Affymetrix, Santa Clara, CA)   Wong and Gill, [@B215]

*hESC, Human embryonic stem cell; EB, Embryoid Body; EV, Extracellular Vesicle*.

Environmental exposure to phthalates causes developmental and reproductive toxicity in rodent studies, though such relationships are difficult to demonstrate in humans. Life in all mammals occurs in cycles: production of germ cells (sperm and eggs) followed by fertilization, gestational development of the embryo, birth, postnatal growth followed by puberty leading to sexual maturity and the ability to reproduce. Though the terms "developmental" and "reproductive" toxicities are two separate entities, there is substantial overlap between them (Shelby, [@B175]). Toxicologists in recent years prefer to conduct their studies in a life-cycle specific manner because it is a common occurrence that chemical exposure at one stage of the life cycle may lead to observable effects at a later stage (Akingbemi et al., [@B3]). The adverse effect of phthalates on the early development of male reproductive tract affecting expression of genes involved in testis development and steroid hormone synthesis has been of particular interest (Wong and Gill, [@B215]; Shelby, [@B175]; Sekaran and Jagadeesan, [@B173]). Any chemical-induced epigenetic defects in eggs or sperm in a sexually mature individual might not affect the individual but may be transmitted to its progenies. That effect of the chemical might be embryonic lethality, miscarriage, stillbirth or the offspring might be born with a developmental disorder.

Most of the evidences we currently have for transgenerational epigenetic inheritance is in animals. In humans, because of our long lifespan and diverse genetics, it is complicated to conduct studies for 3 to 4 generations (Calo et al., [@B34]). From this perspective, the zebrafish provides an ideal model as it has a short time to sexual maturity (\~3--4 months). Moreover, zebrafish eggs get fertilized externally in water and thus are at exposed environment and so F0 fish is equivalent to F1 mice. This enables us to examine the effect of the exposed environmental toxin directly at F0 (De Felice et al., [@B52]).

Transgenerational studies with other EDCs like dioxin or TCDD which is a persistent environmental toxicant show that unexposed TCDD-lineage F2 offspring have defects in reproduction, skeletal muscle system and sex ratio in offspring. Moreover, the decrease in fertility and egg release in control female zebrafish is due to the unexposed, TCDD-lineage F2 male zebrafish. The ancestral TCDD exposure affects reproductive success of male zebrafish across multiple generations (De Felice et al., [@B52]). In a follow up study, the transgenerational effect of TCDD on zebrafish reproductive success was found to be the result of altered DNA methylation (De Felice et al., [@B53]). The authors performed whole genome methylation analysis of adult zebrafish exposed to sublethal levels of TCDD during the developmental period and found both DMR- and CpG-specific changes in the DNA methylation profile. The authors observed that several genes were differentially methylated in the exposed compared to the unexposed, and many of those genes were responsible for reproductive success or epigenetic modifications (De Felice et al., [@B53]). Thus, similar transgenerational studies are required for phthalates.

The epigenetic tags of the chromatin are of two types---(i) transient which can be removed and (ii) permanent which is heritable (Ayala-Garcia et al., [@B12]). The transient epigenetic tags enable the organism to adjust their gene expression status in relation to changes in their environment---in contrast permanent epigenetic tags gives rise to an epigenetic memory which modulates the cells\' genetic and metabolic response to environmental changes for the rest of the organism\'s life (Ayala-Garcia et al., [@B12]). When permanent chromatin epigenetic tags occur in the stem cells, gametes---they are inherited by their progenies both at the cellular and organismal levels and are thus transgenerationally heritable (Dolinoy et al., [@B57]; McCarrey, [@B139]). Thus, the highly dynamic process of epigenetic tagging as perpetuated by the epigenetic memory is responsible for the phenotypic plasticity in an organism. Tagging occurs as a response to changes in environmental conditions at any time point in the life course (Ayala-Garcia et al., [@B12]). Humans are simultaneously exposed to several xenobiotics and thus the interaction of phthalates with other environmental toxins should be taken into account when studying their roles in causing diseases in the population (Benjamin et al., [@B17]). One major drawback is that epidemiological studies are mostly limited to developed countries (Benjamin et al., [@B17]). We have limited reports so far on the impact of phthalates from Asia, Africa and South America. In a 2018 study of Children\'s Health and Environmental Chemicals in Korea (CHECK) cohort, comprising of matched pregnant woman-fetus pairs recruited from four cities of Korea, phthalate metabolites like MiBP, MnBP, MEHP, MEHHP, and MEOHP (metabolites of DEHP), MEP, persistent organic pollutants (POPs), heavy metals, and BPA were linked with decreased neurodevelopmental performances and behavioral scores of toddlers (Kim et al., [@B107]). In another Mothers and Children\'s Environmental Health Study composed of 460 mother--infant pairs between 2006 and 2009 revealed that prenatal exposure to phthalates is inversely associated with the Mental and Psychomotor Developmental indices (MDI and PDI, respectively) of particularly male infants, at 6 months as measured by the Korean Bayley Scales of Infant Development (Bayley, [@B16]; Park, [@B158]; Kim et al., [@B107]).

The European Union (EU) has adopted strict regulations around use of phthalates and other EDCs- it is an interesting natural experiment that could be used to investigate how these diseases change in Europe. The impact of phthalates varies from one population to population based on their food habits and lifestyles. The concentration of phthalate metabolites in human body widely varies based on demographics (Benjamin et al., [@B17]). A joint, co-ordinated and conscious effort by various nations is needed to manage the existing health issues caused by EDCs like phthalates across the globe plus the onset of new cases which will result in huge expenditures for a nation\'s economy in the years to come. A Steering Committee of scientists in the EU evaluated a range of health and economic costs due to EDC exposures based on epidemiological and toxicological evidences. The disease and dysfunctionality of life caused due to EDC exposures in the EU is estimated to cost hundreds of billions of Euros per year (Trasande et al., [@B196]). As a global population, we should adapt the 5 R\'s (Reduce, Reuse, Recycle, Rethink, and Restrain) for controlling the environmental exposure to phthalates and other EDCs for our future generations.

Future Perspectives {#s7}
===================

An emerging view in the field of epidemiologic research is that intrauterine growth period of the fetus is a critical window of susceptibility during which environmental toxicants can affect the developmental trajectories and cause epigenetic information to be transmitted between generations (Morkve Knudsen et al., [@B147]). Germ cells undergo extensive epigenetic reprogramming starting from embryonic stage to mature reproductive stage and are vulnerable to environmental stressors during those reprogramming phases (Wu et al., [@B219]). A true transgenerational event is one in which epigenetic information is transmitted across generations through the germline, and is known to occur when a man or woman (F0) and their germ cells to the F1 generation are directly subjected to any environmental stressor and the F2 offspring is the first generation which is a true case for transgenerational epigenetic inheritance (Horsthemke, [@B89]; Morkve Knudsen et al., [@B147]).

The various mechanisms which play an important role in passing on information from one generation to another are DNA methylation, histone modification, or changes in non-coding RNA (Heard and Martienssen, [@B83]; Wu et al., [@B219]; Sales et al., [@B169]; Horsthemke, [@B89]). Intergenerational effects occur when a pregnant woman (F0) is subjected to environmental stress, and the developing fetus including the germline of the fetus may be affected leading to altered phenotype of the child (F1) and possibly the next generation (F2). Intergenerational epigenetic inheritance is the transfer of epigenetic marks from the gametes to the embryo for only one generation. The third generation (F3) is the first generation that could exhibit transgenerational epigenetic inheritance (Morkve Knudsen et al., [@B147]). Multigenerational exposures are exposure related events observed across multiple generations (Skinner, [@B183]).

Where can research improve to develop a better understanding of the biological mechanisms underpinning phthalate exposures and human disease? Environmental epidemiology needs to focus on accurate characterization of phthalate exposure by using multiple samples across time to best capture exposure status. Epigenetic studies of phthalate exposures should consider how mixtures of phthalates affect gene expression beyond the traditional classifications of low and high molecular weight.

In conclusion, future studies of phthalates and other environmental chemicals must examine potential multigenerational effects of exposures. Maternal exposures, both prior to and during pregnancy, can potentially affect the developing egg and fetus. Paternal exposures can potentially affect the sperm. More studies with model organisms, such as with zebrafish, are needed to examine the mechanisms of multigenerational inheritance of phenotypes induced by chemicals such as phthalates.
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Phthalates:

[BBP:]{.ul}

:   Benzyl butyl phthalate

[BBzP:]{.ul}

:   Butylbenzyl-phthalate

[BzBP:]{.ul}

:   Benzylbutyl phthalate

[DBP:]{.ul}

:   Dibutyl phthalate

[DCHP:]{.ul}

:   Dicyclohexyl phthalate

[DEHP:]{.ul}

:   Di-(2-ethylhexyl) phthalate

[DEP:]{.ul}

:   Diethyl phthalate

[DiBP:]{.ul}

:   Diisobutyl phthalate

[DiDP:]{.ul}

:   Di-isodecyl phthalate

[DiNP:]{.ul}

:   Di-isononyl phthalate

[DMP:]{.ul}

:   Dimethyl phthalate

[DnOP:]{.ul}

:   Di-n-octyl phthalate

[mBP-glu:]{.ul}

:   Monobutyl phthalate glucuronide

[mBzP:]{.ul}

:   Mono-benzyl phthalate

[mBzP-glu:]{.ul}

:   Monobenzyl phthalate glucuronide

[MCNP:]{.ul}

:   Mono (carboxy-isononyl) phthalate

[MCOP:]{.ul}

:   Mono (carboxy-isooctyl) phthalate

[MECPP:]{.ul}

:   Mono-2-ethyl-5-carboxypentyl phthalate

[MEHHP:]{.ul}

:   Mono-2-ethyl-5-hydroxyhexyl phthalate

[MEHP:]{.ul}

:   Mono-2-Ethylhexyl Phthalate

[MEOHP:]{.ul}

:   Mono (2-ethyl-5-oxohexyl) phthalate

[MEP:]{.ul}

:   Mono ethyl phthalate

[MHiBP:]{.ul}

:   Mono-hydroxyisobutyl phthalate

[MiBP:]{.ul}

:   Mono-isobutyl phthalate

[MiDP:]{.ul}

:   Mono-iso-decyl phthalate

[MiNP:]{.ul}

:   Mono-isononyl phthalate

[MnBP:]{.ul}

:   Mono-n-butyl phthalate

[MOP:]{.ul}

:   Mono-n-octyl phthalate

Others:

[ADAMTS:]{.ul}

:   aA Disintegrin and Metalloproteinase with Thrombospondin Motifs

[AGD:]{.ul}

:   Anogenital distance

[BPA:]{.ul}

:   Bisphenol A

[5caC:]{.ul}

:   5-carboxylcytosine

[CERHR:]{.ul}

:   Center for the Evaluation of Risks to Human Reproduction

[CTD:]{.ul}

:   Comparative Toxicogenomics Database

[DC:]{.ul}

:   Dendritic cells

[DMR:]{.ul}

:   Differentially methylated regions

[DNMTs:]{.ul}

:   DNA methyltransferases

[EDCs:]{.ul}

:   Endocrine disrupting chemicals

[ESCs:]{.ul}

:   Embryonic stem cells

[E~2~:]{.ul}

:   Estrogen

[ER:]{.ul}

:   Estrogen receptor

[5fC:]{.ul}

:   5-formylcytosine

[GDM:]{.ul}

:   Gestational diabetes mellitus

[HM450K:]{.ul}

:   Human Methylation 450K BeadChip

[HMW:]{.ul}

:   High molecular weight

[huESCs:]{.ul}

:   Human embryonic stem cells

[5hmC:]{.ul}

:   5-hydroxymethylcytosine

[IGF2:]{.ul}

:   Insulin-like growth-factor 2

[IL:]{.ul}

:   Interleukin

[LMW:]{.ul}

:   Low molecular weight

[LINE-1:]{.ul}

:   Long interspersed nucleotide elements

[5mC:]{.ul}

:   5-methylcytosine

[miRNAs:]{.ul}

:   microRNA

[NTP:]{.ul}

:   National Toxicology Program

[PBMC:]{.ul}

:   Peripheral blood mononuclear cells

[PVC:]{.ul}

:   Polyvinyl chloride

[P~4~:]{.ul}

:   Progesterone

[SREBPs:]{.ul}

:   Sterol regulatory element binding proteins

[TET:]{.ul}

:   Ten-eleven translocation

[TNF-α:]{.ul}

:   Tumor necrosis factor-α
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